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Reproductive, Morphological, and Genetic Evidence for

Two Cryptic Species of Northeastern Pacific Nucella

by

A. RICHARD PALMER'

Department of Zoology, University of Alberta, Edmonton, Alberta T6G 2E9, and

Bamfield Marine Station, Bamfield, British Columbia, Canada VOR IBO

SCOTT D. GAYRON2 and DAVID S. WOODRUFF

Department of Biology C-016 and Center for Molecular Genetics, University of California San Diego,

La JoUa, California 92093, USA

Abstract. Laboratory crosses among four geographically distant populations of the northeastern

Pacific, rocky shore gastropod Nucella emarginata {—Thau emarginata) (Deshayes, 1839) yielded evidence

of reproductive isolation between "northern" and "southern" populations. Although between-population

crosses with individuals from Torch Bay (Alaska), Bamfield (British Columbia), and San Juan Island

(Washington) yielded viable Fl and F2 offspring, those between-population crosses involving individuals

from Santa Barbara (California) yielded only capsules whose eggs did not develop. The success of

within-population crosses for all four populations confirmed that this inability to reproduce was not a

laboratory artifact. Northern and southern populations also differed in egg-capsule morphology (north-

ern—vase shaped; southern—rolling-pin shaped) and in the form of spiral sculpture (northern—uniform

spiral ribs; southern—regularly spaced knobs along the spiral ribs). Finally, a survey of allozyme

variation revealed fixed allelic differences at one locus, and a genetic distance estimate {D) of 0.16,

between two nearly sympatric populations separated by less than 500 m in central California. Collectively,

these data suggest very strongly that northern and southern populations currently referred to A^. emar-

ginata actually belong to two reproductively isolated cryptic species.

INTRODUCTION

Because of their highly variable shells, thaidine gastropods

from the northeastern Pacific have a colorful taxonomic

history. Among the four currently accepted species, Dall

(1915) listed no less than nine synonyms for Nucella la-

mellosa, five synonyms for both A'', lima and A^. canaliculata,

and four for N. emarginata. In contrast, in apparent frus-

tration because of their variable shells, Tryon (1880) had

previously lumped all the currently recognized species of

Nucella from the northern hemisphere into a single, geo-

graphically widespread species, Nucella lapUlus [as Pur-

pura]: " The quantity and variety of material before me,

embracing a rich series of forms from many localities,

together with the comparison of numerous descriptions and

' To whom reprint requests should be addressed.

^ Present address: Department of Anthropology, 34 Haines

Hall, University of California, Los Angeles, CA 90024, USA.

figures that have been published, induce me to include

under this, the oldest name, a very large number of nominal

species. ... I have considered it preferable to retain some

of these names as indicating growth modifications and

localities; those who take a more conservative view than

myself will thus have the names and descriptions at hand

to designate these several forms as varieties or species, or

even genera, if it so pleases them." More recently, Kincaid

(1964) lumped the nominal species canaliculata, emargin-

ata, and lima into the single species Nucella lima, because

he considered their shells to intergrade. Clearly, traits other

than shell form are required to distinguish among these

and related species.

Each of the four currently recognized species of Nucella

from the northeastern Pacific appears to have a wide geo-

graphic range (Abbott, 1974; Palmer, 1984a). Although

some of these reported ranges are incorrect (Vermeij et

al, 1990), each species occurs over at least 5000 km of
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coastline. Furthermore, all four species lack a planktonic

larval stage: crawl-away hatchlings emerge directly from

the egg capsule (Strathmann, 1987). These wide geo-

graphic ranges, coupled with the presumably limited gene

flow associated with the lack of pelagic larvae, should

promote genetic divergence. Whether such divergence would

be sufficient to result in reproductive isolation depends on

its form and extent.

Low levels of gene flow do appear to have promoted

local genetic differentiation in Nucella lamellosa. For ex-

ample. Grant & Utter (1988) observed significantly

diflferent allozyme frequencies among populations on the

scale of meters to hundreds of kilometers. However, based

upon a survey of allozyme variation among 12 populations

ranging from Glacier Bay, Alaska, to San Francisco, Cal-

ifornia, Campbell (1978) concluded that in spite of ex-

tensive differences "there is no reason to assign the pop-

ulations subspecific, racial or ecotypic status." Nonetheless,

by themselves, differences in allozyme frequencies over

large geographic distances reveal little about the potential

viability or fecundity of hybrids, and hence provide at best

a coarse estimate of a species' status.

When hybrid crosses are inviable, a convincing case can

be made for cryptic species. Such crosses, however, are

often difficult and time consuming, and do not permit many

populations to be examined. Furthermore, reproductive

isolation observed between geographically distant popu-

lations could result from isolation by distance (Wright,

1943) or reflect the presence of two discrete species. In

such a situation, a combination of genetic, ecological, and

morphological variation among intervening populations

would help delineate more clearly between these two al-

ternatives. We present such evidence here.

COLLECTION SITES and PROCEDURES

Reproductive Isolation and

Morphological Variation

To test for reproductive isolation, individuals of NucelUa

emargmala were collected from four sites along the Pacific

coast of North America:

(I) Torch Bay, Alaska (code = AK)—the bedrock

shores at the mouth of the west arm (58°19'41"N,

136°47'56"W), on the outer coast of the Glacier Bay

National Monument in both July 1980 and July 1982,

(II) Bamfield, British Columbia (code = BC)—the

north shore of Wizard Id. (48°51'30"N, 125W33"W),

near the Bamfield Marine Station on the west coast

of Vancouver Id. in August 1 980 and December 1981,

(III) San Juan Island, Washington (code = WA)

—

from among boulders on the north shore of Cattle Pt.

(48°27'42"N, 122°58'58"W), 2-300 m E of the mouth

of Jaekel's Lagoon in May 1981, and

(IV) Santa Barbara, California (code = CA)—from

the rocks of Coal Oil Pt. (34°23'N, 119°42'W), near

the UCSB campus in December 1981.

Both within- and between-population crosses were initi-

ated with field-collected animals. Snails were sexed and

maintained in the laboratory as described in Palmer

(1985a). Cages were checked for egg capsules every two

to four weeks. Crosses were monitored for 12 to 34 months

(mean = 18.9 months). All surviving parents from be-

tween-population crosses involving California snails were

subsequently re-paired with snails from their source pop-

ulation to verify that they were fertile. These crosses were

held and monitored as above for 13 to 23 months (mean

= 17.4 months).

In any such study of reproductive isolation, the possi-

bility that field-collected females store sperm must be ad-

dressed, particularly in gastropods where sperm may be

stored for periods up to 12 months or more (Ansell, 1982;

Fretter & Graham, 1962). Except where noted, the 55

initial crosses in the present study were begun with im-

mature snails (males: 16.7 ± 3.11 mm, females: 17.0 ±

3.14 mm; mean shell length ± SD, n = 47 both sexes).

In six of the eight crosses started with mature female snails,

at least six months were allowed to pass before egg capsules

were collected (see Table 2a, b below) to allow for loss of

stored sperm (Palmer, 1985a, and unpublished). In the

remaining two crosses with mature female snails, capsules

were collected less than six months after initiation (82-47,

82-49), but these capsules were saved specifically as part

of a sperm-storage study using color markers. In both these

cases, sperm from prior mating was no longer present after

the first three clutches had been laid, and most subsequent

clutches (five and six, respectively) were viable. In the

fertility-test crosses, all the mature females were those from

crosses in which none of the egg capsules yielded viable

embryos; hence, stored sperm was not a consideration.

To determine the geographic distribution of distinctive

features of spiral sculpture and egg-capsule morphology,

snails and egg capsules were collected from more than 20

sites along the Pacific coast from Bamfield, BC, to Santa

Barbara, California, in April and May 1985 (see Figure

3 below). An additional collection was made at Crystal

Cove, California, in February 1990.

Allozyme Variation

Allozyme variation was examined in samples collected

in April 1986 from five central California sites. These sites

spanned the region where northern and southern forms of

spiral sculpture and egg-capsule morphology appeared to

overlap. One additional sample from Bamfield, collected

in June 1986, was also analyzed for comparison with the

California samples. Samples were collected as follows (from

north to south):

Bamfield (48°50'04"N, 125°08'47"W)—from a contin-

uous bedrock shore at the S end of Scott's Bay, near

the Bamfield Marine Station (moderately exposed).

Bodega Head (38°18'N, 123°04'W)—from the rocks

near the southernmost tip (very exposed).
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Bodega Bay Harbor (38°19'N, 123°03'W)—from

among rock and concrete rubble along the W side of

the channel inside the breakwater (very protected),

Fort Pt. (37°49'N, 122°28'W)—from the boulders and

seawall just E of the S end of the Golden Gate Bridge,

San Francisco (moderately exposed).

Pillar Pt. (37°30'N, 1 22°30'W)—from a bedrock bench

at the N end of Halfmoon Bay, approximately half-

way from the base of the cliffs to the outermost rocks

(exposed), and

Halfmoon Bay Harbor (37°29'N, 122°24'W)—from

rocks and debris along the otherwise sandy north shore

of the harbor inside the breakwater (very protected).

These samples of 20 to 50 snails were frozen and sent

to UCSD where they were stored at — 70°C until electro-

phoresed. In preparation for electrophoresis, individuals

were thawed, and the head-foot tissue was quickly sepa-

rated from the digestive tissue and placed in Eppendorf

tubes on ice. Chilled distilled water (0.1 mL) was added

to the tubes and the tissues were homogenized with a glass

rod. The homogenate was then centrifuged for 2 min at

10,000 g, and the supernatant absorbed onto 3x9 mm
wicks of Whatman No. 3 chromatography paper. The

wicks were blotted and loaded into chilled horizontal 12%

starch (Sigma Chemical Co., St. Louis, Missouri) gels.

The electrophoretic procedures followed those of

Woodruff (1975) and Mulvey & Vrijenhoek (1981).

The particular buflFer used for each of the 11 examined

enzyme systems depended upon the enzyme (Table 1). At

least two samples were included on each gel, the arrange-

ment of which was varied to permit informative compar-

isons about the relative mobilities of alleles from different

populations. Isozymes were assigned Roman numerals,

and allozymes assigned values corresponding to their rel-

ative mobility (relative to the common allele in Bamfield)

in order of decreasing mobility toward the anode.

The electrophoretic data were analyzed using BIOSYS-1

(SwoFFORD & Selander, 1981). Chi-square and Fisher

exact tests for Hardy-Weinberg equilibrium were em-

ployed to examine the assumption of panmixia. The ge-

netic structure of the population was examined using

Wright's (1978) hierarchical i^-statistics. Nei's (1978)

unbiased genetic distance and Rogers' (1972) genetic sim-

ilarity were calculated and clustered using the UPGMA
algorithm.

RESULTS

Within- and Between-Population Crosses

Except for the occasional cross, all within-population

crosses produced at least one clutch, and most yielded

several (Table 2a). In only 3 of these 36 crosses did capsules

contain infertile eggs, and each was initiated with snails

from a different source population. The average percentage

of clutches that hatched ranged from 89 to 100% among

the four source populations (Figure la).

Table 1

Buffers used to resolve protein variation

in Nucella emarginata.

Abbre-

r^nzyme (iliO JNo.) viation Dunerj

Aspartate aminotransferase (2.6.1.1) Aat TBE 8.0

Esterase (1.11.1.6) Est LiOH
Glucose phosphate isomerase (5.3.1.9) Gpi TBE 8.0

Glucose-6-phosphate dehydrogenase

(1.1.1.49) G6pd TC 6.8

Isocitrate dehydrogenase (1.1.1.42) Idh TC 6.8

Malate dehydrogenase (1.1.1.37) Mdh TC 6.8

Malic enzyme (1.1.1.40) Me TBE 8.0

Peptidase,, (3.4.11) Pepia LiOH
Peptidase,,, (3.4.11) Pep,,, TBE 9/8

Phosphoglucomutase (2.7,5.1) Pgm TBE 9/8

Sorbitol dehydrogenase (1.1.14) Sordh LiOH

t TC 6.8: 0.188 M Tris, 0.065 M citrate, pH 6.8; diluted 1:10

for gels and 1:5 for electrodes (running time 18-21 hr at 150 V).

TBE 8.0: 0.5 M Tris, 0.065 M borate, 0.02 M EDTA, pH 8.0;

undiluted (18-21 hr, 80-100 V). TBE 9/8: 0.087 M Tris, 0.086

M borate, 0.001 M EDTA, pH 9.0; diluted 1:3 for gels. 0.5 M
Tris, 0.065 M borate, 0.02 M EDTA, pH 8.0; undiluted for

electrodes (17-21 hr, 80 V). LiOH: Solution A—0.03 M LiOH,

0.19 M borate, pH 8.1; Solution B—0.008 M citrate, 0.05 M
Tris, pH 8.4; 10% A plus 90% B for gel, undiluted A for electrodes

(18-22 hr, 120-150 V).

Between-population crosses involving one parent from

California yielded evidence of reproductive isolation. Only

two of 19 between-population crosses failed to produce any

egg capsules at all, and both were BC x WA crosses

initiated with mature females (Table 2b). Of those be-

tween-population crosses that did produce egg capsules,

however, with one exception, the only crosses that failed

to yield viable embryos involved one parent from California

(crosses 82-32 to 82-38, Table 2b; Figure lb). The one

exception was an AK x BC cross (80-12), but all the

clutches of the remaining seven AK x BC crosses devel-

oped normally.

When surviving parents of crosses involving one Cali-

fornia snail (82-32 to 82-38) were re-paired with those

from their native population, all produced additional cap-

sules (Table 2c). Significantly, all of these crosses, which

included parents from Alaska, British Columbia, and Cal-

ifornia, yielded egg capsules with fertile embryos (Figure

Ic). Furthermore, in all but one instance, 100% of the

clutches were viable (Table 2c).

Variation in Egg-Capsule Morphology and

Shell Sculpture

Snails from the northern populations used in the hy-

bridization experiments produced egg capsules whose shape

differed from those of the California population. Typically,

capsules produced by snails from Alaska and British Co-

lumbia were more vase shaped with a proportionally Ion-
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Figure 1

Percent of within- and between-population crosses with Nucella emarginata that were successful {i.e., yielded at

least some egg capsules with viable embryos; see Table 2) for parents originating from four different populations.

Origins of parents: AK—Torch Bay, Alaska; BC—Bamfield, British Columbia; WA—San Juan Island, Washington;

CA—Santa Barbara, California (see methods and Figure 4 for exact locations). Numbers above bars equal number

of crosses; n = 3 for AK x CA and BC x CA.

ger neck (Figure 2a, b) compared to those from the Cal-

ifornia population. Capsules from the California parents

were much more cylindrical and had a proportionally

shorter neck that was often flared distally (Figure 2d).

These diflferences in egg-capsule morphology were also

used to identify parapatric populations of the putative

"northern" and "southern" forms (Figure 2c and 2e, re-

spectively) to test for gene flow using protein electropho-

resis.

In addition, the form of spiral sculpture differed con-

sistently between populations north and south of the San

Francisco Bay area. Where sculpture was well developed,

northern populations produced spirally uniform ribs (Fig-

ures 3, 4), although crenulations and growth checks some-

times caused minor, irregular variations in rib height. In

southern populations, however, where sculpture was

prominent it always included regularly spaced knobs along

the distal margin of the spiral ribs (Figures 3, 4). Unfor-

tunately, no consistent differences in shell shape were ob-

served between populations north and south of the San

Francisco Bay area. Therefore, in populations from wave-

exposed shores where spiral sculpture was very weakly

developed or absent, shells could not be identified reliably

as "northern" or "southern."

Allozyme Variation

Consistent and genetically interpretable results were ob-

tained for 18 loci from all samples (Tables 3, 4). In all

six populations the mean number of alleles per locus {A)

ranged from 1.1 to 1.2. The percentage of polymorphic

loci {P) varied from 10.5 to 21.1% (loci were considered

polymorphic if more than one allele was detected). Mean

individual heterozygosity (//; by direct count) ranged from

0.009 to 0.041.

Only a few samples appeared to depart from panmixia.

Among the 23 chi-square tests involving polymorphic loci

(Table 3), 20 met Hardy-Weinberg expectations {p >

0.05). Only one locus at each of three sites did not: the

Aat-1 locus from Bamfield {p = 0.033), the Lap-1 locus

from Bodega Head {p = 0.004), and the Lap-1 locus from

Bodega Harbor {p = 0.009). Three significant results out

of 23 independent chi-square tests were only slightly high-

er than that expected due to chance. Wright's /^-statistics

for all loci revealed a departure from panmixia {F^^ =

0.188), largely due to variation at the Aat-1, Lap-1, and

Pgm-2 loci. We are presently unable to account for these

results as our sampling was not designed to address such

questions. Pooling of different year classes may have con-

tributed to this heterogeneity.

Cluster analysis of multilocus genetic-distance measures

between the different populations (Table 5, Figure 5) re-

vealed that the Bodega Head and Bodega Harbor popu-

lations were nearly identical, as were those from Pillar Pt.

and Fort Pt. These four California populations were also

closely related to each other with a genetic distance of D
= 0.01, and were all moderately differentiated from the

Bamfield population with a mean distance of Z) = 0.11.

In contrast, the five northern populations differed consid-

erably from the Halfmoon Bay population, with a mean

genetic distance of Z) = 0.20 (Figure 5).
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Figure 2

Camera lucida drawings of egg capsules from five populations of Nucella emarginata (see methods and Figure 4 for

exact locations). Two views of an individual, representative capsule are illustrated for each population: a seam view

(dotted line along neck) and a view perpendicular to the plane of the seam. Capsules (a), (b), and (d) were laid in

the laboratory and (c) and (e) were collected from the field. Capsules (a)-(c) illustrate the "northern" form and

capsules (d) and (e) illustrate the "southern" form. Scale bars = 2 mm (capsules not all drawn to same scale).

*Note that (c) and (e) were collected from populations less than 500 m from each other.

The Halfmoon Bay population diflfered genetically from

the remaining populations examined in several other im-

portant respects, even though this population was less than

500 m from the Pillar Pt. sample. First, it exhibited fixed

allelic differences at one of the eight loci exhibiting more

than one allele {Idh-2). Second, at two of the remaining

seven loci (Aat- 1 and Pep,^-2), a unique allele was observed

at moderate to high frequency in the Halfmoon Bay pop-

ulation. Third, even with allozyme data included for the

population from Bamfield, BC, some 1600 km to the north,

the Halfmoon Bay population was the most genetically

distinct of all those examined (Figure 5). These genetic

differences between the Halfmoon Bay and the nearby

Pillar Pt. populations, when coupled with the differences

in egg-capsule morphology (Figure 2), suggest very strong-

ly an absence of gene flow between the northern and south-

ern cryptic species.

DISCUSSION

Reproductive Isolation

Four lines of evidence suggest that complete reproduc-

tive isolation has evolved between central Californian and

northeastern Pacific populations of the species currently

recognized as Nucella emarginata. First, the only crosses

that consistently yielded egg capsules whose embryos did

not develop were hybrid crosses between Californian and

northern populations (Table 2b, Figure lb). The infertile

capsules produced by these crosses were important evi-

dence because they showed that neither laboratory con-

ditions nor lack of a suitable mate inhibited capsule pro-

duction. Inviable egg capsules were produced in a few other

crosses (3 of 37 within-population [Table 2a], and 1 of 10

between-population crosses [Table 2b]), but no more than
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Figure 4

Frequencies of different forms of spiral sculpture in populations of Nucella emarginata from the west coast of North

America. Sites preceded by Roman numerals indicate populations used to assess reproductive isolation (see Table

2 and Figure 1). Solid sections—regularly spaced knobs present on spirally sculptured individuals; cross-hatched

sections—no regularly spaced knobs evident on spirally sculptured individuals; stippled sections—sculpture present

but too weak to identify as uniform or knobby; open sections—smooth-shelled individuals. Sample sizes ranged

from 13 to 191 (median n = 37).

Figure 3

Forms of spiral shell sculpture for the southern form (left, Halfmoon Bay), and northern form (right, Grappler

Inlet, Vancouver Island, British Columbia, 48°49'54"N, 125°07'00"W) o{ Nucella emarginata. Note the prominent,

regularly spaced knobs along the ribs of the southern form, a, abapertural view; b, apertural view; and c, apical

view. These shells, along with others from the same site, have been deposited in the Los Angeles County Museum
(accession numbers 86-449.1 and 86-448.2 for the southern and northern forms, respectively). Scale bar = 10 mm.
Egg capsules for the "northern" and "southern" species have been similarly deposited (accession numbers 86-447.1

and 86-448.1, for Bodega Bay Harbor and Halfmoon Bay Harbor respectively).
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Figure 5

Phenetic tree of multilocus similarities among five populations of Nucella emarginata based on UPGMA clustering

of Nei's (1978) genetic distances (see methods and Figure 4 for exact locations of samples).

Table 3

Sample sizes, and allele frequencies of allozyme variants,

for six populations of Nucella emarginata'f (see methods

and Figure 4 for exact locations).

Population

Locus/ Half-

Allele Bam- Bodega Bodega Fort Pillar moon

RM* field Head Harbor Point Point Bay

Aat-7 25§ 11 14 14 15 29

100 0.62 0.50 0.50 0.07 0.03 0.0

86 0.38 0.50 0.50 0.93 0.97 0.62

71 0.0 0.0 0.0 0.0 0.0 0.38

Idh-1 40 20 20 15 15 30

106 0.0 0.03 0.0 0.0 0.0 0.0

100 1.0 0.97 1.0 1.0 1.0 1.0

Idh-2 40 20 18 15 15 30

109 0.0 0.0 0.0 0.0 0.0 1.0

100 1.0 1.0 1.0 1.0 1.0 0.0

Lap-1 31 15 17 4 10 23

100 1.0 0.33 0.32 0.13 0.20 0.02

90 0.0 0.67 0.68 0.87 0.80 0.98

Pep,r2 40 20 20 15 15 30

100 1.0 0.03 0.03 0.0 0.0 0.0

85 0.0 0.97 0.97 1.0 1.0 0.05

38 0.0 0.0 0.0 0.0 0.0 0.95

Pep,,, 40 15 15 10 10 30

100 0.60 0.97 0.87 0.90 0.85 0.02

97 0.0 0.03 0.13 0.10 0.15 0.98

95 0.40 0.0 0.0 0.0 0.0 0.0

Pgm-2 30 20 20 15 15 20

105 0.17 0.0 0.0 0.0 0.0 0.0

100 0.83 1.0 1.0 1.0 1.0 1.0

Sordh 35 10 10 10 10 25

100 0.97 1.0 1.0 1.0 1.0 1.0

82 0.03 0.0 0.0 0.0 0.0 0.0

t Monomorphic loci; Aat-2, Est, Gpi, Lap-2, Ldh, Mdh- 7, Mdh-

2, Me, Pep,,- 1, Pgm- 7.

* RM; relative mobility, decreasing tov^'ard anode.

§ Number of individuals.

one instance of such infertility occurred within any cate-

gory of cross. Therefore, no category of cross was partic-

ularly susceptible to infertility.

Second, with few exceptions, all within-population

crosses from the four populations examined yielded egg

capsules with viable embryos (Table 2a, Figure la); hence

mating itself was not inhibited in the laboratory. Third,

and most significantly, when parents originally present in

between-population crosses involving California snails were

re-paired with snails from their source population, they

produced capsules whose embryos developed normally

(Table 2c, Figure Ic). Hence the lack of fertile capsules

in the rather small number of these initial between-pop-

ulation crosses was not just due to a chance lack of fertility

among the parents. Without additional information, we

unfortunately cannot determine how reproductive isolation

was achieved. It may have occurred before or after mating.

Finally, although the distance between Santa Barbara,

California, and Bamfield, British Columbia (ca. 1800 km)

is comparable to that between Bamfield and Torch Bay,

Table 4

Mean sample size per locus (n), mean number of alleles

per locus {A), percentage of loci polymorphic {P), and

average number of heterozygous loci per individual {H, by

direct count) for six populations of Nucella emarginata

analyzed for allozyme variation (computed from data in

Table 3).

Population n A P H

Bamfield 36.6 1.2 21.1 0.041

Bodega Head 18.4 1.2 21.1 0.017

Bodega Harbor 18.4 1.2 15.8 0.022

Fort Pt. 13.4 1.1 10.5 0.024

Pillar Pt. 13.7 1.2 10.5 0.037

Halfmoon Bay 25.9 1.2 15.8 0.009
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Table 5

Genetic similarity and genetic distance estimates among six populations of Nucella emarginata from the Pacific Coast of

North America. Above diagonal: Nei's (1978) unbiased genetic distance.

Below diagonal: Rogers' (1972) genetic similarity.

Population 1 2 3 4 5 6

1 Bamfield — 0.145 0.148 0.187 0.182 0.313

2 Bodega Head 0.828 — 0.000 0.010 0.012 0.184

3 Bodega Harbor 0.829 0.992 — 0.010 0.011 0.173

4 Fort Pt. 0.794 0.959 0.964 — 0.000 0.164

5 Pillar Pt. 0.797 0.958 0.967 0.991 — 0.162

6 Halfmoon Bay 0.712 0.807 0.814 0.827 0.825 —

Alaska (ca. 1300 km), no evidence of reproductive isolation

was apparent between these two northern populations

(Table 2b; Palmer, 1984a). All but one Fl hybrid cross

yielded viable oflFspring (Table 2b). In addition, of 28

crosses initiated with offspring from all six hybrid lines

between these two distant northern populations, all but

one yielded viable F2 offspring: 80-1 (six crosses), 80-2

(eight crosses), 80-3 (four crosses), 80-4 (three crosses, one

of which yielded no capsules), 80-11 (one cross), and 80-

13 (six crosses). Thus, these hybrids exhibited normal

fertility.

Isolation by Distance or Two

Discrete Species?

Because of the distance (>;1800 km) between the Cal-

ifornian (Santa Barbara) population and those from the

northeastern Pacific (Bamfield and Torch Bay) examined

in this study, and because of the low gene flow presumably

associated with direct development (Grant & Utter,

1988), the reproductive isolation observed between these

distant populations could reflect either isolation by distance

(Wright, 1943), where all adjacent populations along the

coast could interbreed, or the presence of two discrete

species. Taken together, however, the concordant patterns

of variation in the form of spiral shell sculpture, egg-

capsule morphology, and in allozymes all suggest the pres-

ence of two discrete species.

Shell sculpture also varied in a manner consistent with

two discrete species. Among shells that exhibited spiral

sculpture, regularly spaced knobs along the distal margin

of the ribs only occurred south of San Francisco Bay (Fig-

ure 4). The absence of this form of sculpture north of San

Francisco Bay suggested that if two species did exist, the

southern one did not extend north of this area. This pattern

alone, however, also could have been produced by a ge-

netically based sculpture polymorphism where the allele

for "knobby ribs" had not yet crossed the mouth of San

Francisco Bay. Evidence for Mendelian inheritance of shell

sculpture already exists for Vancouver Island populations

oi Nucella emarginata (Palmer, 1985b).

The allozyme data provide the most convincing evidence

for two discrete species (Tables 3, 5, Figure 5). Fixed

allelic differences, the presence of novel alleles at moderate

frequency in Halfmoon Bay, and the high genetic distance

between the Halfmoon Bay and Pillar Pt. populations,

which were less than 500 m apart, all suggest that no gene

flow was occurring between these two populations. Al-

though no simple relationship exists between genetic dis-

tance and taxonomic level, the discovery of a genetic dis-

tance of Z) = 0.16 between these adjacent samples was

unexpected for conspecific populations. Not only were the

four remaining San Francisco area samples virtually iden-

tical (Z) = 0.00-0.01; Table 5), but the genetic distance

between the Halfmoon Bay and Pillar Pt. populations {D

= 0.16), which were separated by less than 500 m, was

comparable to that observed between Pillar Pt. and Bam-

field {D = 0.18), which were separated by a distance of

more than 1300 km.

Before proceeding further, remember that allozyme dif-

ferences are probably not directly involved in the speciation

process. Although a relationship may exist between degree

of genetic differentiation and taxonomic status in some

groups of mollusks, a quantitative relationship is not pre-

dictable from first principles. Nonetheless, we note that in

a survey of over 7000 comparisons of conspecific popula-

tions, only 2% of the intraspecific D estimates exceeded

0.10 (Thorpe, 1983). A review of published intraspecific

and interspecific genetic distances in mollusks supports our

interpretation of the separate species-level status of the

Halfmoon Bay population (Stavb et al., 1990; Woodruff

et al., 1988).

Consistent with the allozyme differences, the egg cap-

sules produced by snails from Pillar Pt. were of the "north-

ern" form while those from Halfmoon Bay snails were

"southern" in appearance (Figure 2c and e, respectively).

Therefore, although the Pillar Pt. snails did not exhibit

strong enough spiral sculpture to determine its form, dif-

ferences in egg-capsule morphology between these two

populations also support our interpretation of two discrete

species.

Other ecological differences also exist between these two
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putative species. Northern populations of Nucella emar-

gmata feed almost exclusively upon balanomorph barna-

cles and mussels, and rarely on limpets (Palmer, 1980,

1988). Southern populations, on the other hand, feed com-

monly upon the gooseneck barnacle Pollicipes and consis-

tently, although in low frequency, upon limpets (West,

1986). In addition, individuals in northern populations do

not exhibit any evidence of "majoring" (Heinrich, 1979)

on particular prey types (Palmer, 1984b), while those in

southern populations do (West, 1986).

Shell Form and Cryptic Species

The discovery of two morphologically very similar spe-

cies within the current taxon Nucella emarginata highlights

the difficulty of recognizing species based upon differences

in shell form. Cryptic species have recently been identified

by allozyme differences in several prosobranch genera in-

cluding Brotia (Klinhom, 1989), Collisella (MuRPHY,

1978), Crepidula (HOAGLAND, 1984), Goniobasis (CHAM-

BERS, 1980), Uttonna (Mastro et ai, 1982; BOULDING,

1990), Neotricula (Staub et al, 1990), Oncomelama

(Woodruff et al., 1988), and Robertsiella (Yong et ai,

1985). Given the extent to which shells may vary within

species, particularly in thaidine gastropods (Crothers,

1984; Appleton & Palmer, 1988, and references therein),

more cryptic species seem likely to be discovered.

Other Levels of Variation

Although chromosome differences are often associated

with speciation (WHITE, 1978), a preliminary study of

chromosome variation among northeastern Pacific Nucella

revealed that all four species recognized at the time (can-

aliculata, emarginata, lamellosa, and lima) had the same

haploid chromosome number {n = 35; Ahmed & Sparks,

1970). The constancy within and among these species sug-

gests that the two cryptic species identified here will also

lack differences in chromosome number.

This lack of chromosome variation in northeastern Pa-

cific species is surprising in view of the striking polymor-

phism observed in the north Atlantic Nucella lapillus. In

populations of N. lapillus from northern France, the hap-

loid chromosome number varies more or less continuously

from n = 18ton = 13 over a wave-exposure gradient

(Staiger, 1954). In a much more detailed study, Bantock

& Cockayne (1975) found this polymorphism to be lim-

ited to shores of southern England. More northern pop-

ulations from the Bristol Channel and from the Straits of

Dover were monomorphic for a haploid chromosome num-

ber of n = 13 (Bantock & Cockayne, 1975), as were

both protected- and exposed-shore populations from the

coast of Norway (HoxMARK, 1970). The larger scale cor-

relation of chromosome number with latitude suggests that

perhaps these chromosome forms reflect northern and

southern races of lapillus that diverged in isolation and

have since come back into contact. The common occurrence

of intermediates in areas where both forms coexist

(Bantock & Cockayne, 1975; Staiger, 1954), however,

indicates that hybrids are perfectly viable and that these

chromosome differences are probably not associated with

cryptic species.

Taxonomic Status of the New Species

Which of the two cryptic species identified above will

retain the name emarginata ? This question is not as

straightforward as it might seem. In his second description,

published in French, Deshayes (1841) illustrated a shell

whose form of spiral sculpture was ambiguous (spiral ribs

were not clearly uniform or knobby). To exacerbate the

situation, he cited the type locality as New Zealand! Dall

(1915), without explaining the basis of his decision, reas-

signed the type locality to San Miguel Id., in the channel

islands of California near Santa Barbara (see Figure 4).

This new type locality would lie within the range of the

putative southern taxon identified here.

To complicate matters further, generic relations within

the Thaidinae are in a state of flux (KoOL, 1987). Nucella

is the genus to which the northeast Pacific species previ-

ously called Thais are now referred {e.g., KozLOFF, 1987;

Morris et al., 1980; Smith & Carlton, 1975), and Nu-

cella may in fact not be a true thaidine (KoOL, 1988). The

evidence upon which this generic reassignment has been

made is discussed at length in KooL (1989).

Several synonyms and varietal names are available for

Nucella emarginata (cited in Dall, 1915), including: anom-

ala (Middendorff, 1849), ostnna (Gould 1852), saxicola

(Carpenter, 1864), and projecta (Dall, 1915). Nucella Jus-

cata [Purpura] (Forbes 1850; as cited in Vanatta, 1910)

may also be eligible. We suggest that until a description

and synonymy is completed, studies of ''Nucella emargina-

ta" should include a collection of egg capsules, and shells

with well developed sculpture. Temporarily, at least, the

species could be called Nucella emarginata (northern) and

Nucella emarginata (southern).
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